Projecting risks posed to aviation safety by wildlife populations is often overlooked in airport land-use planning. However, the growing dependency on civil aviation for global commerce can require increases in capacity at airports which affect land use, wildlife populations, and perspectives on aviation safety. Our objectives were to (1) review legislation that affects airports and surrounding communities relative to managing and reducing wildlife hazards to aviation; (2) identify information gaps and future research needs relative to regulated land uses on and near airports, and the effects on wildlife populations; and (3) demonstrate how information regarding wildlife responses to land-use practices can be incorporated into wildlife-strike risk assessments. We show that guidelines for land-use practices on and near airports with regard to wildlife hazards to aviation can be vague, conflicting, and scientifically ill-supported. We discuss research needs with regard to management of stormwater runoff; wildlife use of agricultural crops and tillage regimens relative to revenue and safety; the role of an airport in the landscape matrix with regard to its effects on wildlife species richness and abundance; and spatial and temporal requirements of wildlife species that use airports, relative to implementing current and novel management techniques. We also encourage the development and maintenance of datasets that will allow realistic assessment of wildlife-strike risk relative to current airport conditions and anticipated changes to capacity. Land uses at airports influence wildlife populations, and understanding and incorporating these effects into planning will reduce risks posed to both aviation safety and wildlife species.
Introduction
Safety and revenue are critical factors to the ability of civil aviation to meet the demands of global commerce. However, aircraft collisions with birds and other wildlife (wildlife strikes) pose an increasing safety and financial threat to the civil aviation industry worldwide (Allan, 2002; Dolbeer and Eschenfelder, 2002; . The estimated cost (direct and indirect expenses) to civil aviation worldwide is over U.S. $1.2 billion annually (Allan, 2002) . Wildlife strikes have claimed over 219 lives and over 200 aircraft (military and civil) since 1988 (Richardson and West, 2000; Thorpe, 2003 Thorpe, , 2005 . In the USA, 82,057 wildlife strikes (97.5% involving birds) were reported to the Federal Aviation Administration (FAA; 1990 and represent at least U.S. $628 million annually in direct and indirect losses . Importantly, these wildlifestrike statistics reflect an increasing risk (i.e., likelihood of harm) to aviation safety (Dolbeer, 2006a) .
Air traffic has increased markedly with the post-World War II advent and growth of the civil aviation industry (Kelly and Allan, 2006) . By the 1960s, airframes were larger and turbine power was replacing piston-powered engines. Both trends contributed to a higher likelihood of wildlife strikes, because the greater surface area of an aircraft and the vacuum associated with jet engines represent a larger area to avoid for any animal in the flight path (Solman, 1973) . Further, there is a greater probability for jet engines, versus piston-powered engines, to suffer damage upon ingestion of an animal (Solman, 1973) . Also, air carriers recently have replaced four-engine aircraft with two-engine designs that markedly reduce the noise of their predecessors, which is suspected to reduce the distance at which animals can detect and react to aircraft (Solman, 1976; Kelly et al., 2001; Kelly and Allan, 2006) . Another factor contributing to the observed increase in bird strikes is population growth of some species (e.g., Rusch et al., 1995; Waller and Alverson, 1997; Blackwell et al., 2007) , especially larger animals (>2 kg) that present substantial hazards to aviation safety (Dolbeer et al., 2000; Dolbeer and Eschenfelder, 2002; .
Analysis of strike data indicates that habitat management on and near airports plays a significant role in the frequency of wildlife strikes (Cleary and Dolbeer, 2005; DeVault et al., 2005; Blackwell and Wright, 2006; Dolbeer, 2006b) . Specifically, wildlife (particularly birds) use of habitats within approach and departure zones increases the likelihood of wildlife strikes because of the altitudes in which aircraft operate within those areas. For example, Dolbeer (2006b) found that 95% of bird strikes reported to the FAA (1990 FAA ( -2004 occurred at <1067 m above ground level (AGL), altitudes for which aircraft on approach and departure would be within 18.5 km of major airports (those that serve at least 5 million passengers annually; FAA, 2008a). For strikes >152 m AGL, waterfowl (Anatidae), gulls/terns, passerines, and vultures were the species groups most frequently struck. Song-birds (Passerines), gulls/terns (Laridae), doves (Columbidae), and raptors (including vultures) were the species groups most frequently struck at altitudes ≤152 m AGL. Notably, for strikes resulting in substantial damage to the aircraft (Dolbeer et al., 2000; , 66% occurred at ≤152 m AGL (Dolbeer, 2006b) . In general, an aircraft descending on a 3 • glideslope would be ≤152 m AGL at 3 km from the runway (Flight Safety Foundation, 2000) .
Therefore, measures to reduce wildlife hazards to aviation on airport property can be augmented by land-use management involving municipalities in surrounding areas (Rao and Pinos, 1998; Sodhi, 2002) . Such collaboration is more pressing now with the anticipated demands on airports both for revenue and capacity (the maximum number of flights that an airport can routinely accept per hour). For example, to accommodate demands for airport development and growth (e.g., runway designs for larger aircraft, as well as new gate, taxiway, and apron configurations) worldwide through 2010, Humphreys et al. (2001) estimated a cost at U.S. $350 billion. By 2017, the FAA anticipates a 45% increase in passengers accompanied by a 33% increase in air carrier operations (FAA, 2008b) . Through 2025, the U.S. civil fleet is anticipated to grow by 2.5% annually to accommodate increased demand, with the narrow-body fleet (i.e., aircraft with fuselage diameter from 3-4 m) projected to grow by 117 aircraft annually; the wide-body fleet (fuselage diameter ≥5 m) is projected to grow by 40 aircraft annually as the Boeing 787 and Airbus A350s enter existing fleets (FAA, 2008b) . This increase in air carrier operations and aircraft size at the busiest airports will warrant development of additional runways to increase capacity. Globally, 9 billion passengers are expected by 2025, and the number of annual aircraft movements anticipated is 120 million (Aaronson, 2007) . Planning for increasing airport capacity includes not only infrastructure, but potential economic linkages with surrounding communities, flight safety, and environmental concerns (Kelly and Allan, 2006) .
For example, Graham and Guyer (1999) , referring to projected growth of air transport within the European Union, suggested that planners must consider environmental capacity, which comprises infrastructure, sources of pollution, and visual amenity. Similarly, Abeyratne (2000) argued that effective expansion and management of airport capacity includes environmentally sustainable development (as outlined in the Rio Declaration on Environment and Development, United Nations Conference on Environment and Development). Vreeker et al. (2002) developed an evaluation process for airport expansion planning that includes safety (defined as a qualitative factor) and environment considerations, such as natural conservation areas and anticipated disturbance of fauna habitats. Lee and Yang (2003) examined strategies that would enable the incremental development of a "winged city", thus advocating the commercial linkage of an airport to off-airport enterprises (see also Reiss, 2007) . The establishment of these economic linkages between an airport and community could prove critical to national economies, particularly given the current global economic downturn (e.g., Butterworth, 2008; Weikel, 2008; Airport Technology, 2009) . We note, also, that planning for airport capacity changes is affected by regional perspectives that are separate from economic concerns. For example, environmental considerations figure prominently in the urban planning process in Europe (see European Union, EU, 2001) and could easily run counter to opinions favoring an increase to an airport's capacity. However, notably absent from much of the commentary on airport planning considerations, even work specifying safety and environmental concerns, is guidance on land use to minimize wildlife strikes (e.g., Abeyratne, 2000; but see Khalafalla and El-Rayes, 2006) .
A wildlife perspective in airport planning is important because it can influence aviation safety (e.g., Kelly and Allan, 2006) . In this study, we (1) review legislation that affects airports and surrounding communities relative to managing and reducing wildlife hazards to aviation; (2) identify information gaps and future research needs relative to regulated land uses on and near airports, and the effects on wildlife populations; and (3) demonstrate how information regarding wildlife responses to land-use practices can be incorporated into wildlife-strike risk assessments. We focus primarily on aviation in the USA, particularly in our reference to the FAA National Wildlife Strike Database as a basis for the development of the risk assessment. Our ultimate purpose is to stimulate collaborative efforts to more accurately assess how changes in capacity needs, considerations for revenue-producing land uses, and goals for resource sustainability on airport properties can affect wildlife hazards and, subsequently, risk posed to aviation safety. Our approach offers an exciting opportunity to integrate different disciplines (wildlife management, landscape ecology, con-servation biology, geography, and sensory ecology) into the airport planning process.
Legislation
The primary body providing oversight and guidance to the civil aviation industry on a worldwide basis is the International Civil Aviation Organization (ICAO). The ICAO is a United Nations Specialized Agency whose mission is to achieve safe, secure, and sustainable development of civil aviation through cooperation among its 190 member states. In 1990, the member states of ICAO adopted, in Annex 14 to the Convention on Civil International Aviation, the following practices regarding bird hazards to aviation: (1) assess the extent of the risk posed by birds on and in the vicinity of airports; (2) take necessary action to decrease the number of birds; and (3) eliminate or prevent the establishment of any site in the vicinity of the airport which might serve as an attraction to birds and thereby present a danger to aviation. Member states voted to make these recommended practices into ICAO Standards, effective November 2003. This action makes these practices a mandatory component of the operation standards at airports within those member states (see Kelly and Allan, 2006; Dolbeer, 2007) .
The guidance provided by the ICAO relative to wildlife hazards to aviation safety is found in the Airport Services Manual (ICAO, 1991) and the Airport Planning Manual (ICAO, 2002) . Guidance on environmental management and modifications to airport property is found in the Airport Planning Manual and pertains broadly to modifications that might offer food, water, or shelter to wildlife, and primarily birds. Land uses considered as contributing to wildlife hazards on or near (i.e., within 13 km) airports are fish-processing operations; agriculture; livestock feed lots; refuse dumps and landfills; factory roofs; parking lots; theaters and food outlets; wildlife refuges; artificial and natural lakes; golf and polo courses, etc.; animal farms; and slaughter houses. In addition, the ICAO grades land uses as to whether they are acceptable within radii from the airport center of 3 and 8 km (ICAO, 2002) . However, by changing from broad guidance to more specific instructions for land uses near airports, and without discussion of potential implications, some ICAO recommendations can be conflicting or misleading. Food-waste disposal, for example, is discouraged within both the 3-and 8-km zones, but non-food garbage is permissible within each zone. However, traditional landfills are generally not food-free and, subsequently, require netting or other management to reduce use by birds. Also, the guidelines recommend that "grass" areas on airports be maintained at 20 cm or more because "birds do not have good visibility and feeding is hindered" (ICAO, 1991) . Such specific guidance, particularly to member states that span bioclimatic and geographic zones, ignores the myriad of factors that might contribute to avian use of grasslands. We suggest, therefore, that contact information be provided for member states that have active wildlife management programs at their airports, including grassland-management protocols. Further, if these management protocols are based on research examining avian foraging and antipredation behaviors in managed grasslands, appropriate references should be included in the ICAO guidelines.
Clearly, the necessity of some land uses at airports, such as parking lots, requires consistent management to deter use by loafing birds. However, other land uses within the ICAO 13-km siting criterion offer opportunities to increase revenue for the airport or other property owners without increasing attraction to wildlife. For example, land not used for airport operations is often leased for agricultural production to generate revenue and minimize maintenance (e.g., mowing costs; ICAO, 1991 ICAO, , 2002 . The need to understand which land-cover types might attract hazardous birds is noted. But, there is also opportunity for the ICAO to lead in the dissemination of information or discussion among its member states (e.g., via the web) regarding the use of land covers to reduce use by hazardous wildlife while realizing revenue opportunities or conservation objectives (see Kelly and Allan, 2006) .
For airports in the USA, the FAA exerts regulatory control over certification and operation via Title 14 Code of Federal Regulations (CFR), Federal Aviation Regulations, Part 139-Certification of Airports. In general, certificated airports are those facilities that receive scheduled passenger-carrying operations with >9 seats or unscheduled passenger-carrying operations with >30 seats (CFR §139.1).
Currently, there are approximately 570 airports certificated under Part 139. In addition, there are about 2860 non-certificated airports that are organized under the National Plan of Integrated Airport Systems (NPIAS; FAA, 2006) . These NPIAS airports are eligible to receive FAA funding under the Airport Improvement Program and, therefore, are encouraged to observe regulations in CFR Part 139.
Regulations concerning wildlife hazards to aviation are found in CFR 139. §139.337-Wildlife Hazard Management. These regulations state that each certificate holder must take immediate action to alleviate wildlife hazards whenever they are detected and ensure that a wildlife hazard assessment (see Cleary and Dolbeer, 2005) is conducted when any of the following events occur on or near the airport: (1) an air carrier experiences multiple wildlife strikes (a strike might involve multiple birds; see also 4, below); (2) an air carrier experiences substantial damage (damage or structural failure adversely affecting strength, performance, or flight) from striking wildlife; (3) an air carrier experiences engine ingestions of wildlife; or (4) wildlife of a size, or in numbers, capable of causing a strike (as defined above) is observed to have access to any airport flight pattern or aircraft movement area. Further, the wildlife hazard assessment must contain at least the following: (1) analysis of events or circumstances that prompted assessment;
(2) identification of wildlife species observed, numbers, locations, movements, and daily and seasonal occurrences; (3) identification and location of features on and near the airport that attract wildlife; (4) a description of wildlife hazards to air carrier operations; and (5) recommended actions for reducing identified wildlife hazards to air carrier operations. However, because wildlife populations on and near airports are not static, but change in response to local land use, management policies (including control strategies), season, and climatic conditions (Cleary and Dolbeer, 2005) , the FAA provides additional guidance to both certificated and non-certificated airports via the Advisory Circular (AC) 150/5200-33B-Hazardous Wildlife Attractants On Or Near Airports. Specifically, the AC provides airport operators and those with whom they cooperate guidance to assess and address potentially hazardous wildlife attractants when locating new facilities and implementing certain land-use practices on or near public-use airports. However, with the exception of the siting of new waste disposal operations (FAA AC 150/5200-34-Construction or Establishment of Landfills Near Public Airports), the FAA's regulatory role over land uses off of airport property is limited. Thus, communication and collaboration between airport operators, other U.S. Federal agencies, municipal governments, and developers is encouraged (see AC 150/5200-33B). Also, the FAA recognizes that most public-use airports have large tracts of open, undeveloped land that provide added margins of safety and noise mitigation. However, these areas also can pose hazards to aviation if they attract wildlife to an airport's approach or departure airspace or air operations area (AOA). The AOA refers to areas on the airport designated for takeoff, landing, and surface maneuvers of aircraft (CFR Part 139, Subpart D) and within FAA siting criteria for certificated airports (i.e., within 1.5-km of a runway for airports servicing piston-powered aircraft only and within 3.0 km of a runway for airports servicing turbine-powered aircraft). For all airports, the FAA recommends a distance of 5 statute miles (8 km) between the farthest edge of the airport's AOA and the hazardous wildlife attractant if the attractant could contribute to wildlife movement into or across the approach or departure airspace.
In addition, AC 150/5200-33B states that constructed or natural areas, such as poorly drained locations, detention/retention ponds, roosting habitats on buildings, landscaping, odor-causing rotting organic matter (putrescible waste) disposal operations, wastewater treatment plants, agricultural or aquaculture activities, surface mining, or wetlands can provide wildlife with habitat for foraging, loafing, breeding, and escape from predators. Also, facilities such as restaurants, taxicab staging areas, rental car facilities, aircraft viewing areas, and public parks are included in the AC because they frequently serve as sources of food for wildlife. However, like the ICAO (1991 ICAO ( , 2002 recommendations, guidance relating wildlife use of airport facilities or undeveloped areas to aspects of facility design and area, proximity to other habitat features, sitespecific operational and management procedures, or land-cover types and seasonality is absent. Instead, both the AC 150/5200-33B and the FAA Airport Wildlife Hazard Mitigation (WHM) homepage (http://wildlife-mitigation.tc.faa.gov/public html/index.html) provide links to agency, university, and international information for management of hazardous wildlife. However, the FAA does not include in its AC or WHM homepage a selection of references from the peer-reviewed literature pertaining directly or indirectly to the various areas of on-going research pertaining to wildlife strikes.
With regard to the management of airport properties, the airport must be considered a component of the landscape and, therefore, contributing to and subject to local-and landscape-level factors affecting wildlife populations. Inherent to successful management of wildlife hazards to aviation at local and landscape levels is collaboration within municipal, state, and provincial governments, and internationally. The ICAO guidelines establish a foundation for such collaboration, and the EU is moving toward mandatory reporting of wildlife strikes to the ICAO (EU, 2003) . In the USA, groundwork for such collaborative efforts is exemplified by the 2003 Memorandum of Agreement between the FAA, U.S. Air Force, the U.S. Army, U.S. Environmental Protection Agency, U.S. Fish and Wildlife Service, and the U.S. Department of Agriculture to address "aircraft-wildlife strikes"; the 2005 Memorandum of Understanding (MOU) between the U.S. Department of Transportation, FAA, and the U.S. Department of Agriculture for mitigating wildlife hazards to aviation (No. 12-34-71-0003-MOU); and the 2006 MOU between the National Association of State Aviation Officials and the U.S. Department of Agriculture (APHIS 06-7100-0202-MU) to seek a mutual goal of alleviating wildlife hazards to aviation. Finally, airport managers also must adhere to national legislation affecting wildlife populations (e.g., the U.S. Endangered Species Act of 1973) and international treaties (e.g., the Migratory Bird Treaty Act of 1918 between the USA, Canada, Japan, Mexico, and Russia; the International Union for Conservation of Nature).
Information gaps
Quantifying wildlife hazards to aviation safety is critical to airport planning, particularly evaluations of future capacity needs. However, data are generally lacking with regard to the contribution to wildlife hazards posed by specific land uses, particularly within airport approach/departure zones. In the following sections we address research needs for three prominent land-use practices on or near airports relative to wildlife use: (1) stormwater management, (2) land covers, and (3) natural areas. We also discuss how data on land use and wildlife species can be integrated into airport planning. Again, our focus is primarily on aviation in the USA.
Stormwater management
Unlike other land uses on and near airports, the containment of stormwater is necessary for safe operations on runways, taxiways, and aprons, but also as a means to control the entry of contaminants into natural water systems (AC 150/5200-33B, ICAO 2002). However, the containment of stormwater runoff can also create a wildlife attractant. For U.S. airports, the AC 150/5200-33B addresses this issue by suggesting that water runoff be held for a maximum of 48 hrs by use of detention ponds. A detention pond is designed to temporarily hold a maximum amount of water while draining to another location. In contrast, a retention pond is designed to hold a set amount of water indefinitely. Various other methods of covering standing water are offered in the AC as management options. In addition, sub-surface flow (SSF) wetlands for runoff treatment are in use at some airports (Higgins and Liner, 2007) , thus removing the attractant. However, SSF designs do not necessarily supplant the need for surface containment. Design considerations for aboveground stormwater-management facilities to reduce use by wildlife are not outlined by the FAA or ICAO; only recently has this issue been addressed relative to aviation safety (Blackwell et al., 2008) . Blackwell et al. (2008) monitored avian use of 30 stormwatermanagement ponds in Washington (USA), over one year and evaluated the fit of six a priori models relative to pond use by 13 avian groups. Their findings indicate that the primary focus in minimizing bird use should be on reducing pond perimeter via circular or linear designs. The authors also recommend that ponds should be located so as to maximize the distance between stormwatermanagement ponds and other water resources, particularly within 1 km of a planned stormwater facility. Based on this study, new research is underway to quantify avian use of stormwatermanagement facilities found within the approach/departure zones of other U.S. airports (J. Armstrong, Auburn University, School of Forestry and Wildlife Sciences, Auburn, AL, USA, personal communication). Researchers on a companion study are investigating physical modifications to stormwater-management ponds, biotic and synthetic water-treatment methods, and hydrology scenarios to effectively treat runoff while minimizing use by birds (C.E. Boyd, Auburn University, Dept. of Fisheries and Allied Aquacultures; K.H. Yoo, Auburn University, Dept. of Biosystems Engineering, personal communication). In addition, there is a critical need for benefit:cost assessments with regard to retrofitting existing stormwater facilities on an near airports with synthetic liners (to control emergent vegetation), covers, netting, or grid systems to reduce use by birds.
Land cover
The choice of land cover at airports usually depends on airoperations safety regulations, economic considerations, location, and wildlife-hazard management. From an air-operations perspective, land cover should prevent soil erosion and blowing dust and debris, require little maintenance, and provide a firm braking surface near runways for aircraft during emergencies (Blokpoel, 1976) . Wildlife managers must work under these constraints when contemplating land-cover types that will not attract hazardous wildlife. Historically, the principal land cover at airports has been turf grass, even though large expanses of turf grass can attract various hazardous bird species (e.g., European starlings [Sturnus vulgaris], Canada geese [Branta canadensis], and various gulls [Larus spp.]), and there is no consensus regarding the species composition and height of grass that best reduces wildlife hazards (Mead and Carter, 1973; Brough and Bridgman, 1980; Seamans et al., 2007; . However, regardless of species composition and height, turf-grass maintenance at airports is expensive (ICAO, 1991 (ICAO, , 2002 . An attractive alternative to turf grass on some portions of airport properties would be the establishment of land-cover types that generate income rather than consume resources (ICAO, 2002) . Such land-cover options would be especially beneficial for smaller airports that operate on limited budgets .
An obvious alternative to turf grass is agriculture, and in an era when plant agriculture includes food crops, landscaping vegetation, and crops for biofuels, potential revenue-producing land covers for airports abound. However, the ICAO and FAA recommend against using airport property for most types of agriculture because of the potential to attract hazardous wildlife (ICAO, 1991; AC 150/5200-33B). Specifically, the AC 150/5200-33B instructs certificated airports to refrain from using airport land for agriculture unless ". . .the airport has no financial alternative to agricultural crops to produce income necessary to maintain the viability of the airport". Should an airport consider agriculture for revenue, cropdistance guidelines are provided in AC 150/5300-13-Airport Design, Appendix 17, Minimum Distances between Certain Airport Features and Any On-Airport Agricultural Crops. Notably, these minimumdistance rules for agriculture operations are not based on research characterizing wildlife use of specific crops. Further, despite the hazards ostensibly inherent to agriculture at airports, many small airports in the USA which are not regulated by the FAA lease substantial portions of airport properties for agricultural production. In a recent study of 10 small airports in Indiana, USA, row-crop fields (corn and soybeans) covered approximately 20% of the combined airport properties, and some row-crop fields were within 20 m of active runways (DeVault et al., 2008) .
To begin consideration of the types of agriculture that might be compatible with airport operations from a wildlife-hazard perspective, one must consider recognized wildlife-habitat relationships in agricultural landscapes. Many farmland bird populations have declined in recent decades because of agricultural intensification in Europe (Donald et al., 2001 (Donald et al., , 2002 Benton et al., 2003) and the USA (Blackwell and Dolbeer, 2001; Murphy, 2003; Peterjohn, 2003; Krapu et al., 2004) . Increases in average field size, enhanced weed and invertebrate pest control, and the shift from agricultural mosaics to monocultures of row crops has resulted in the homogenization of agricultural landscapes (Arnold, 1983; Benton et al., 2003) . The reduction in available nesting habitats (Best et al., 1995; Blackwell and Dolbeer, 2001) , invertebrate populations (Wilson et al., 1999) , weed seeds (Wilson et al., 1999; Krapu et al., 2004) , and waste grain (Krapu et al., 2004) all have contributed to reduced bird diversity and population sizes in present-day agricultural landscapes (Benton et al., 2003; Tscharntke et al., 2005;  however, see reference to the wood pigeon Columba palumbus in Raven et al., 2007) .
Even in relatively diverse agricultural landscapes, birds use rowcrop fields infrequently compared to adjacent habitat types. Birds are generally more abundant in wooded fence rows, grassed waterways, and woodlots, where nesting locations and food resources are more abundant (Blokpoel, 1976; Best et al., 1995 Best et al., , 2001 Patterson and Best, 1996; McMaster and Davis, 2001) . Frequent anthropogenic disturbance, low plant species diversity, and the use of pesticides contribute to the relative lack of birds found in rowcrop fields (Best et al., 1995) . In a review of habitat use by farmland birds in the midwestern USA, only red-winged blackbirds (Agelaius phoeniceus) were considered "very abundant" in any agricultural habitat (grass hayfields), and no species were considered "very abundant" or "abundant" in pastures or row crops (Best et al., 1995) . Furthermore, relatively few species nest in row-crop fields compared to grassland habitats (Patterson and Best, 1996) . Most species use row-crop fields only for foraging, preferring to nest in adjacent habitats (Best et al., 1990 (Best et al., , 1995 Murphy, 2003) .
Furthermore, agricultural fields also serve as avian foraging habitat during winter (Wilson et al., 1996; Perkins et al., 2000) . Fields that are completely plowed under after harvest ("conven-tional tillage") usually undergo a high incidence of bird use for a short period of time, because of attraction to seeds and invertebrates brought to the surface (Wilson et al., 1996) . Fields that are partially tilled or not tilled at all ("conservation tillage"), thereby leaving some crop residue on the soil surface (Best, 1986) , generally attract more birds throughout the winter period than conventional tillage (Flickinger and Pendleton, 1994; Butler et al., 2005 ; but see Perkins et al., 2000) . However, as is the case during the growing season, grass fields generally are preferred by invertebrate-feeding birds over crop fields during winter due to decreased invertebrate abundances in crop fields (Tucker, 1992) .
Although birds are generally less abundant in crop fields than in adjacent habitat types, over 50 bird species have been documented using row-crop fields during the breeding season in the midwestern USA (Best et al., 1995) . Further, extensive work has been directed at bird damage to agriculture (e.g., blackbird [Icteridae] damage to corn (Dolbeer et al., 1984) , sunflowers (Blackwell et al., 2003; Peer et al., 2003) , and vegetables (Mott et al., 1972) ; waterfowl damage to cereal grains (Mott et al., 1972) , and European starling damage to fruits (Feare, 1985; Stevens, 2008) ). In a review of studies documenting bird damage to crops in the USA, Sterner et al. (1984) found damage reported for grains, seeds, and silages (18 of 24 crop types), vegetables (15 of 25), fruits (17 of 20), and nuts (5 of 6). However, Sterner et al. (1984) found no studies documenting bird damage to cotton, cottonseed, dry edible beans, hops, sweet potatoes, soybeans, and several types of fruits and vegetables. Sixty-nine species of birds were reported to damage crops, although blackbirds were the most frequently cited species linked to crop damage. Blackbirds are likely the most economically important bird-species group affecting agriculture in the USA (Sterner et al., 1984; Conover, 2002; Blackwell et al., 2003) . Interestingly, despite the abundance of soybean fields in the USA, soybeans are not a preferred food for birds (Krapu et al., 2004) , and birds rarely cause damage in soybean fields (Sterner et al., 1984; Humberg et al., 2007) . It is worth noting, however, that birds often forage for invertebrates in fields where no wildlife damage occurs (Best et al., 1990; Krapu et al., 2004; Humberg et al., 2007) .
Because all crops do not attract birds equally, the opportunity exists to identify revenue-producing crops and practices (e.g., irrigation requirements) that are compatible with minimizing wildlife hazards at airports. However, airport environments differ from rural landscapes, offering grassland, pavement, and structural habitats. Thus, studies are needed to understand how hazardous bird species use crop fields and various tillage regimens in airport environments. Movement patterns and home ranges of hazardous birds in airport environments will likely be important in determining potential use of airport crop fields. Further, nesting locations of these species in airport habitats should be identified so they can be eliminated or altered to be unattractive. In addition, little is known concerning wildlife use of non-traditional field crops (e.g., meadowfoam [Limnanthes alba]; Alternative Field Crops Manual, 1989), some of which might prove suitable for use on airports. It is also important to note that agriculture at airports has implications for mammalian (e.g., white-tailed deer [Odocoileus virginianus]) as well as bird hazards, especially at small airports where funding is often limited and fending inadequate (DeVault et al., 2008; .
Natural areas
Various types of human disturbance have been shown to have negative effects on wildlife (e.g., Canaday, 1996; Reed and Merenlender, 2008) , particularly in highly urbanized landscapes (Fernández-Juricic, 2000a) . However, airports have relatively low levels of at least one type of human disturbance (e.g., recreational activities) due to heightened security. Minimal pedestrian disturbance can enhance the suitability of different habitat types (forests, grasslands, water sources) in terms of foraging and breeding opportunities (Fernández-Juricic, 2002) . Furthermore, the diversity of habitats at airports (Baker and Brooks, 1981) might exceed that found in other landscape elements, like urban parks or residential areas. For example, raptors exploit the availability of open foraging areas (often with higher densities of small mammals), perch availability, and nesting habitats on airports (Baker and Brooks, 1981; Linnell et al., 1996; Kelly, 1999; Avery and Genchi, 2004; Blackwell and Wright, 2006) . Airports also provide some of the only remaining extensive areas of grassland habitat in heavily urbanized regions like the northeast USA, and some contend that these habitats should be managed for nesting avifauna (Osborne and Peterson, 1984; Vickery et al., 1994; Houston and Bowen, 2001 ; see also Kershner and Bollinger, 1996) .
However, simply setting aside undeveloped areas as natural areas on airports can pose negative effects for aviation safety and wildlife species. For example, there is a general presupposition of a direct relationship between the local density of a given species of bird (whether hazardous to aviation or not) and the rate of bird strikes (Sodhi, 2002) . Empirical evidence supports this association in some species (e.g., Linnell et al., 1996; Belant, 1997; Byron and Downs, 2002; Baxter and Allan, 2008) . Further, airports can function as ecological traps (Kokko and Sutherland, 2001) for some endangered or threatened species due to direct collisions with aircraft (e.g., lappet-faced vulture [Torgos tracheliotus], black-footed albatross [Phoebastria nigripes], Townsend's shearwater [Puffinus auricularis]; or indirect effects of wildlife-control programs targeting other species. Also, some locally protected species may be affected negatively by air traffic through indirect effects. For instance, military aircraft have been shown to disturb grey heron (Ardea cinerea) adults incubating and feeding young, and ultimately facilitating the access to nest predators (Kitowski, 2001) . Thus, to safely and effectively incorporate biodiversity and conservation efforts into airport-planning models, information is needed on the direct effects of airport operations and potential indirect effects on species populations that use airport habitats.
Unfortunately, we know little about how species abundance/richness varies between airports and other landscape elements. For example, species richness can differ considerably across various urban landscape elements (Fernández-Juricic, 2000b; Sandstrom et al., 2006) . If an airport acts as a population sink, it is likely that individuals from source areas (either of the same or related species) might reoccupy the vacated niches (Brown et al., 2001b) , which may require reducing the accessibility of those individuals to the airport to control the population. On the other hand, if airports act as sources (Brown et al., 2001a) , control of breeding populations on the airport could be opposed, especially for species of concern (e.g., bald eagle [Haliaeetus leucocephalus] nesting at Orlando International Airport, Florida, USA; see Metcalf, 2007) . Also, severe local control of population growth (on or near an airport) could reduce the dispersal of individuals into other populations and potentially affect the regional persistence of a species. This latter scenario could require carefully planned reintroduction efforts.
Successful planning and management for select, non-hazardous wildlife species on airport properties must, therefore, consider inter-specific variations in some processes that can affect local populations, such as density-dependence, behavioral responses to aircraft or aversive methods (speed of reaction, sensitization, habituation, etc.), and movement between suitable patches within and surrounding an airfield. We suggest that planners consider implementing the concept of buffer areas, which has been used in conservation biology and wildlife management (Wells and Brandon, 1993; Shafer, 1999a) . This concept has been applied both at the landscape scale (hereafter, landscape buffer areas) and at the patch scale (hereafter, patch buffer areas). A landscape buffer area (also known as a buffer zone) is an area surrounding critical habitat for a population or a community that also can serve as an environmental "cushion" to minimize external disturbances (Sayer, 1991; Shafer, 1999b) . Similarly, a patch buffer area (also known as a set-back zone) denotes a minimum area of critical habitat for an individual or a group of individuals concentrated in space (breeding colony, roost; Vos et al., 1985; Fox and Madsen, 1997; Fernández-Juricic et al., 2005) .
The delineation of a landscape buffer area is based on a threshold distance from a source of disturbance at which the density of a species or species richness increases substantially (Reijnen et al., 1995; Miller et al., 1998; Sinclair et al., 2005) . Usually, this threshold distance establishes a minimum width of habitat required for protection (Palomino and Carrascal, 2007) .
Conceptually, the establishment of patch buffer areas is related to the theory of anti-predator behavior (Lima, 1998) , because it assumes that individuals perceive humans (or human-related activities) as threats and respond to them by becoming alert and eventually fleeing (Frid and Dill, 2002) . Subsequently, estimation of patch buffer areas is based on the distance at which animals become fearful of humans (Knight and Skagen, 1988; Knight and Temple, 1995; Richardson and Miller, 1997) . First, minimum approaching distances (minimum horizontal distance of non-intrusion by humans that would preclude disturbance; Rodgers and Smith, 1995; Rodgers and Schwikert, 2002) are calculated. Second, patch buffer areas are estimated using the minimum approaching distance as the radius of a circular area (Fox and Madsen, 1997) . In a conservation context, patch buffer areas have helped limit the amount of disturbance to wildlife through a reduction in detection and avoidance behavior by birds (Rodgers and Schwikert, 2002) . This concept can be reversed for bird-aircraft scenarios so that management techniques can be applied within patch buffer areas to enhance the probability of aircraft detection and avoidance. However, the assertion that wildlife respond to human activities (e.g., aircraft) in similar ways to those of predators is a key assumption that requires empirical testing across a wide range of species to establish models for bird-strike research (e.g., Blumstein et al., 2003 Blumstein et al., , 2005 Blackwell and Bernhardt, 2004; Blackwell et al., 2009 ).
In summary, landscape buffer areas offer opportunities for sustainable development on and near airports without necessarily enhancing wildlife hazards. Patch buffer areas would allow us to better define the proportional area of airports in which birds (as well as other wildlife) and aircraft overlap, and consequently the spatial range of certain wildlife management control techniques. Overall, the adoption of the buffer-area approach into airport planning offers a means of targeting select, nonhazardous species and their habitats for conservation in planning models, and with regard to aviation safety.
Land use and wildlife-strike risk
As the footprint of an airport on local habitats changes (via operations, land management, expansion, etc.), the wildlife communities using those habitats are necessarily affected in richness and abundance (e.g., Fernández-Juricic, 2004; Chace and Walsh, 2006) . Further, though airport development often degrades ecosystems, some species respond positively to human-induced changes to the landscape. Thus, airport planners must weight designs affecting functionality of the airport (e.g., stormwater systems), novel revenue-producing land uses, and considerations for biodiversity and species conservation relative to potential wildlife-strike hazards. Schafer et al. (2007) noted that effective prioritization of species management on airports entails an assessment of the realistic potential for damage associated with wildlife strikes, and suggested the implementation of risk assessment that reflects an index of species frequency within critical locations on and near the airport and associated strike-damage metrics. A risk assessment has two basic phases (Graham et al., 1991) : (1) a conceptual understanding of the sources of the problem (e.g., factors contributing to wildlife hazards to aviation), realistic endpoints or potential events (e.g., a hull loss; see Dolbeer et al., 2000; Dolbeer and Wright, 2009) , and mechanisms by which the sources contribute to the defined endpoints; and (2) a spatiotemporal estimate of exposure to the problem sources and a quantification of potential effects. In the context of an airport, seasonal demographic cycles of species using particular habitats could be evaluated relative to species abundance estimates within critical airspace (e.g., agriculture near an airport; Baxter and Robinson, 2007; runway protection zones; Schafer et al., 2007) to better discern the contribution of land use to wildlife-strike risk. Thus, the wildlife-strike risk assessment should include land-use data and, at minimum, species relative abundance estimates and strike statistics. Other components include data on aircraft types serviced by the airport and number of movements relative to seasonal abundance estimates of hazardous species. Conceptually, these data components would be maintained within a single database, such as the FAA National Wildlife Strike Database (NWSD).
In 1995, the FAA, through an interagency agreement with the U.S. Department of Agriculture, Wildlife Services (WS), initiated a project to obtain more objective estimates of the magnitude and nature of the national wildlife strike problem for civil aviation. This effort involves the (1) editing of all strike reports (FAA Form 5200-7, Birds/Other Wildlife Strike Report) received by the FAA since 1990;
(2) entering strike data into the NWSD; (3) supplementing FAAreported strikes with additional, non-duplicated strike reports from other sources; and (4) assisting the FAA with the production of reports summarizing the results of analyses of these data. The analyses conducted by WS on strike data focus on the economic costs of wildlife strikes, the magnitude of safety issues, wildlife species involved, types of damage, height and phase of flight during which strikes occur, and seasonal patterns ; see also Dolbeer et al., 2000; DeVault et al., 2005; Blackwell and Wright, 2006; Dolbeer, 2006b) .
However, the NWSD contains no current land-use data for the airport or within the FAA separation distances. For example, the location of strikes occurring within the approach/departure zones (e.g., the 8-km separation for airports receiving turbine-powered aircraft) is assigned as that of the airport. Without data on the landscape matrix surrounding an airport and wildlife use of these habitats, the necessary covariates for assessing wildlife-strike risk associated with current or planned land uses are limited. In the absence of site-specific data, we suggest use of frequency distributions reflecting species seasonal occurrence in similar habitats or long-term data sets reflecting species trends (e.g., Breeding Bird Survey; Sauer et al., 2008) , as well as consideration of wildlifestrike statistics for geographically similar locations. We note, also, that climate-induced changes in migration and nesting phenology of some bird populations could affect local population dynamics (e.g., Crick, 2004; Johnson et al., 2005; Both et al., 2006) and, subsequently, species-specific strike risk. Estimates of species-specific damage resulting from wildlife strikes are available from the NWSD (see and could be used as surrogate data for similar species.
Conclusions
Collaborative efforts to more accurately assess goals for airport capacity needs, revenue, and sustainability in light of risks posed to aviation safety by wildlife populations are needed. International legislation guiding airport land-use planning recognizes wildlife hazards to aviation, but the recommendations are often general and in some cases conflicting. Further, with a world-wide focus on wildlife strikes and on-going international research, we encourage a proactive communication between the ICAO and aviation organizations within its member states (e.g., the FAA), such that science-based management protocols form the foundation for guidelines to reduce wildlife hazards to aviation. Moreover, we suggest that an airport is a component of the landscape and, therefore, contributes to and is subject to local-and landscape-level factors that affect wildlife populations. In turn, those same wildlife populations pose a level of risk to aviation safety. We, therefore, encourage continued and new research in four types of land use that affect airport operations in the USA and internationally: (1) management of stormwater on and near airports so as to meet local and national requirements for water treatment, while reducing use by species documented as hazardous to aviation; (2) wildlife (particularly bird) use of agricultural crops and various tillage regimens, as well as the periodicity and seasonality of use relative to other landscape uses, such as turf grass; (3) quantification of species richness and abundance relative to elements within and between landscapes, so as to better understand the role of the airport as a component of the landscape in explaining species population dynamics; and (4) use of buffer areas in planning for sustainable development on and around airports. Finally, we encourage the development and maintenance of datasets that will allow realistic assessment of wildlife-strike risk relative to current airport conditions as well as to anticipated increases in capacity.
